Although formaldehyde (FA) has been classified as a human leukemogen, the mechanisms of leukemogenesis remain elusive. Previously, using colony-forming assays in semi-solid media, we showed that FA exposure in vivo and in vitro was toxic to human hematopoietic stem/progenitor cells. In the present study, we have applied new liquid in vitro erythroid expansion systems to further investigate the toxic effects of FA (0-150 µM) on cultured mouse and human hematopoietic stem/progenitor cells. We determined micronucleus (MN) levels in polychromatic erythrocytes (PCEs) differentiated from mouse bone marrow. We measured cell growth, cell cycle distribution, and chromosomal instability, in erythroid progenitor cells (EPCs) expanded from human peripheral blood mononuclear cells. FA significantly induced MN in mouse PCEs and suppressed human EPC expansion in a dose-dependent manner, compared with untreated controls. In the expanded human EPCs, FA slightly increased the proportion of cells in G2/M at 100 µM and aneuploidy frequency in chromosomes 7 and 8 at 50 µM. Our findings provide further evidence of the toxicity of FA to hematopoietic stem/progenitor cells and support the biological plausibility of FA-induced leukemogenesis.
Introduction
Formaldehyde (FA), the simplest aldehyde, is a high production volume industrial chemical and a ubiquitous environmental pollutant (NTP, 2010a) . FA is highly reactive and causes multiple toxic effects in humans. The International Agency for Research on Cancer (IARC) classified FA as a human carcinogen that causes nasopharyngeal cancer in 2006 (IARC, 2006) and human leukemia, particularly myeloid leukemia, in 2009 (Baan et al., 2009 ).
Recently, the U.S. National Toxicology Program also classified FA as human leukemogen (NTP, 2011) .
Though the mechanisms underlying FA-induced leukemogenesis remain elusive, FA exposure has been associated with adverse effects on hematopoiesis. Our review of the Chinese literature reported that decreased white blood cell counts were observed in most studies of FA-exposed workers; in the largest study, exposed workers had higher percentages of blood abnormalities (decreased white blood cell and platelet counts and abnormal hemoglobin levels) (Tang et al., 2009 ). We also reported that Chinese factory workers exposed to high levels of FA had significantly lower counts of granulocytes, platelets, red blood cells, and lymphocytes, compared with unexposed controls (Zhang et al., 2010) . The suppression of multiple lineages indicates a toxic effect of FA exposure on hematopoietic stem / progenitor cells (HSC/HPC), the target cells of leukemogenesis.
Colony-forming assays in semi-solid substrate enable the direct examination of the adverse effects of FA on HSC/HPC circulating in peripheral blood. Using these assays, we previously reported that FA exposure in vivo was associated with decreased formation of colonies from colony forming units -granulocyte and monocyte (CFU-GM) cells and the induction of leukemia-related aneuploidies monosomy 7 and trisomy 8 in CFU-GM in a subset of the subjects (Zhang et al., 2010) . Further, we showed that FA exposure at toxicologically relevant concentrations in vitro decreased formation of CFU-GM, burst forming units -erythrocyte (BFU-E) and the more primitive colony forming unitsgranulocyte, erythrocyte, monocyte, and megakaryocyte (CFU-GEMM) colonies, the latter in a linearly dose-dependent manner (Zhang et al., 2010) . These data supported the inhibitory effect of FA on myeloid progenitor cells indicated by the blood count data. However, limited mechanistic studies could be conducted as the colonies were formed in semi-solid medium.
Recently, in vitro methodologies were developed that utilize cytokines to drive differentiation or expansion and yield large numbers of mouse and human erythroid progenitor cells, facilitating the analysis of multiple endpoints. An in vitro liquid culture method that recapitulates erythropoietic differentiation from mouse bone marrow progenitors, producing polychromatic erythrocytes (PCEs) after 2-3 days in culture, was established in 2007 (Shuga et al., 2007) . This method forms the basis of an in vitro micronucleus (MN) genotoxicity assay that was found to generate similar results as the widely used in vivo MN genotoxicity assay, thus generating physiologically relevant data (Shuga et al., 2007) . Recently, we validated this assay in a study in which we found increased MN frequency in PCEs cultured from mouse bone marrow exposed to 2,5-dimethylfuran (Fromowitz et al., 2012) .
A liquid culture approach to expand human erythroid progenitor cells (EPCs) from unfractionated peripheral blood was recently described (Filippone et al., 2010) . The authors confirmed the functional competence of the expanded EPCs by showing their permissivity to B19 parvovirus infection. We recognized in this model a unique opportunity to test human stem/progenitor cell toxicity of known and suspected leukemogens. To our knowledge, we are the first researchers to use this new erythroid expansion model for this purpose.
In the present study, we employed both of these in vitro liquid culture systems to test the effects of FA on mouse PCEs and human EPCs. We measured MN frequency in FA-treated and untreated mouse PCEs and the expansion of FA-treated and untreated human EPCs. We also examined the effects of FA on cell proliferation and chromosomal instability in the expanded human EPCs.
Methods

Mouse erythropoietic culture
The experimental procedures in mice were approved by the Committee on Animal Research at the University of California, Berkeley. The mouse erythropoietic culture method was detailed previously (Fromowitz et al., 2012; Shuga et al., 2007) . In brief, bone marrow (BM) cells were isolated from the hind legs of C57BL/6J mice and were labeled with biotinconjugated α-Lin Abs, consisting of α-CD3e, α-CD11b, α-CD45R/B220, α-Ly6G/Ly6C, and α-TER-119 Abs (2 µl of each Ab/10 6 cells; BD Pharmingen, San Diego, CA). Lineagemarker-negative (Lin − ) cells were purified through a 0.3-in StemSep negative selection column as per the manufacturer's instructions (StemCell Technologies, Vancouver, BC, Canada) . Purified cells were immediately seeded in fibronectin-coated (2 µg/cm 2 ) tissue culture treated 24-well polystyrene plates (BD Falcon, BD Biosciences San Jose, CA) at a cell density of 10 5 cells/ml in modified IMDM with L-glutamine (500 µL per culture well) containing basal supplements consisting of: 15% FBS, 1% detoxified BSA, 200 µg/ml holotransferrin, 10 µg/ml recombinant human insulin (Sigma, St Louis, MO), 100 µM β-mercaptoethanol, 50 units/ml penicillin G, and 50 µg/ml streptomycin (Invitrogen, Carlsbad, CA); as well as soluble erythropoietic factors including erythropoietin (EPO, Amgen, Thousand Oaks, CA) at 7.5 units/ml and stem cell factor (SCF, R&D Systems, Minneapolis, MN) at 10 ng/ml. After 24 h of culture, the media was replaced with erythroiddifferentiation medium (EDM) (IMDM, with 20% FBS, and 100 µM β-mercaptoethanol).
Human erythropoietic culture
Approval for human subject protocols and blood sample collection was obtained from the Institutional Review Board at UC Berkeley. The number of blood donors for each experimental endpoint ranged from 3-5 and the number of independent experiments ranged from 3-7, as described in the results section and figure legends. The method of EPC expansion from human peripheral blood was detailed previously (Filippone et al., 2010) . In brief, peripheral venous blood was collected from healthy donors and peripheral blood mononuclear cells (PBMC) were isolated by a density gradient centrifugation using FicollPaque. PBMC (5×10 5 ) were cultured in MEM (HyClone, Logan, UT, USA) supplemented with the serum substitute BIT 9500 (StemCell Technology, Vancouver, BC, Canada), diluted 1:5 for a final concentration of 10 mg/ml bovine serum albumin, 10 mg/ml rhu insulin, and 200 mg/ml iron-saturated human transferrin, enriched with 900 ng/ml ferrous sulfate (Sigma, St. Louis, MO, USA), 90 ng/ml ferric nitrate (Sigma), 1 mM hydrocortisone (Sigma), 3 IU/ml rhu erythropoietin (StemCell Technology), 5 ng/ml rhu IL-3 (R&D Systems, Minneapolis, MN, USA), and 100 ng/ml rhu stem cell factor (R&D Systems). The cells were maintained at 37°C in a 5% CO 2 moist atmosphere and observed daily with an inverted microscope for phenotypic changes. Upon observation of small cell clusters on day 5±1, the cultures were split (1:5) with fresh media.
FA treatment of mouse and human erythroid cultures
2.3.1. Vehicle controls-FA was diluted from a 37% solution (Sigma, stabilized with 10-15% methanol) immediately before treatment. Phosphate-buffered saline (PBS) was used as the vehicle control in both mouse and human cultures but 0.1% methanol was added into the PBS only in human cells, resulting in a final methanol concentration of 0.001% in all cultures.
2.3.2.
FA concentrations-For mouse erythroid cultures, FA was added to final concentrations of 0, 25, 50, 75 and 100 µM, 23 h after seeding in the first medium. Cultures were incubated for 1 h, after which the media was replaced with EDM according to the protocol described in section 2.1. The cells were harvested after 24 h of culture in EDM.
For human erythroid cultures, FA was added to final concentrations of 0, 25, 50, 100, and 150 µM, immediately after seeding the PBMC into the EPC expansion culture media and the media was changed on ~day 5, as described in section 2.2. As FA is reactive and interacts with cellular components rapidly (within ~1 hour), we did not change the media after FA treatment. This concentration range was chosen as it spans the dose of ~80 µM reported in human blood (Heck et al., 1985) and it has been used in many in vitro studies, including in cultured human blood cells (Neuss and Speit, 2008; Schmid and Speit, 2007) . All endpoints were analyzed after 10 days of culture.
MN assay in mouse PCEs
Harvested cells were centrifuged onto slides (Statspin Cytofuge 2; Iris Sample Processing Westwood, MA), air-dried, and fixed with 25°C methanol for 10 min. The slides were then stained in acridine orange (Sigma, St Louis, USA) at a concentration of 20 µg/ml in staining buffer (19 mM NaH 2 PO 4 and 81 mM Na 2 HPO 4 ) for 10 min at 4°C. Slides were scored for the presence of MN using an Axioplan 2 microscope (Carl Zeiss MicroImaging GmbH, Germany). Scorers were blinded to the treatment status of the cells on the slides. Three independent experiments were conducted and more than 2000 PCEs were scored for each dose in each experiment.
Analyses of human EPCs
2.5.1. Cell enumeration-Cells were enumerated using a hemocytometer and cell viability was determined by the trypan blue exclusion assay.
Erythroid marker expression-
The expression levels of three erythroid surface markers, CD235a, CD36, and CD71, were analyzed in PBMC before culture and in the expanded cells after 10 days of culture. The cells were washed three times with 1× PBS containing 2% FCS and stained with FITC-labeled monoclonal antibody for CD235a, phycoerythrin (PE)-labelled monoclonal antibody for CD36, and APC-labelled monoclonal antibody for CD71 (BD Biosciences, San Jose, CA, USA) at 4°C for 30 min. Anti-isotype antibodies (BD Biosciences) were used in parallel. After staining, cells were washed three times with in 1× PBS and analyzed by flow cytometry (Beckman-Coulter FC-500, Becton Dickinson, Franklin Lakes, NJ, USA).
2.5.3.
Cell cycle analysis-Cell cycle was analyzed by propidium iodide (PI) staining. Briefly, 1×10 6 cells were washed with cold 1× PBS and fixed in 70% cold ethanol at −20°C for 2 hours. After a gentle wash with cold 1× PBS, cells were resuspended in 1 ml PI staining solution (10 µg/ml) and 50 µl RNase A (10 mg/ml) was added. After incubation at 4°C in the dark for 3 h, cells were analyzed by flow cytometry at 488 nm. Cell cycle analysis was performed using FlowJo software (Tree Star, San Carlos, CA, USA). The proliferation index was calculated as (S+G2/M)/(G0/1+S+G2/M).
Aneuploidy of chromosomes 7 and 8-Aneuploidy of chromosomes 7 and 8
was examined by dual-color fluorescence in situ hybridization (FISH) in metaphases of the expanded erythroid progenitor cells after 10 days of culture. Briefly, Colcemid was added to the culture at a final concentration of 0.1 µg/ml, 2 hours before harvesting the cells. After hypotonic treatment (0.075 M KCl) for 30 min at 37°C, the cells were fixed three times with freshly prepared Carnoy's fixative (methanol:glacial acetic acid = 3:1). The fixed cells were dropped onto glass slides, allowed to air dry and stored at −20°C prior to the FISH assay. Metaphase spreads on each slide were scanned and localized automatically using Metafer software (MetaSystems, Altlussheim, Germany) before hybridization. Whole-chromosome painting probes for chromosome 7 (directly labeled with SpectrumOrange, Vysis Inc., Downers Grove, IL) and for chromosome 8 (directly labeled with SpectrumGreen, Vysis Inc.) were used. The FISH procedure and scoring criteria were performed as previously detailed Zhang et al., 1998) . The stained slides were randomized and coded and scored in a blinded manner by one researcher.
Statistical analysis
Negative binomial regression was used to test for differences in MN formation between FA doses and controls and for the dose-response trend, since this outcome is a count variable. Multiple-way ANOVA (MANOVA) was used to test for differences in human EPC expansion and cell cycle distribution between FA doses and controls; blood donors and experiment dates were included in the model. Linear regression was used to test for the dose-response trends. Since aneuploidy in chromosomes 7 and 8 is a count outcome and a rare event, the data of four experiments were pooled and a chi-squared test or Fisher's exact test was used to test for the differences in aneuploidy between FA doses and control. Differences were considered significant at P < 0.05.
Results
FA-induced MN frequency in mouse PCEs
MN frequency was measured in PCEs generated by the induction of erythroid-differentiation in FA-treated and untreated (vehicle control) mouse BM, in a liquid culture system. Three independent experiments were conducted. As shown in Figure 1 , 24 h after FA treatment, the MN frequencies in the mouse PCEs generated from bone marrow stem/progenitor cells treated with 25, 50, 75, and 100 µM FA were 3.52%, 5.74%, 7.56%, and 8.54%, respectively. The frequency observed at each FA dose was significantly higher than the level in the control cells 1.83% (P < 0.0001) and the increased frequencies occurred in a dosedependent manner (P trend < 0.0001).
Effects of FA on human EPC expansion
We expanded human EPCs from PBMCs isolated from three donors, in three separate experiments. As shown in Figure 2A , the cell population started to expand at day 6 and was increased 7.8 fold and 11.6 fold by days 8 and 10, respectively, relative to day 0. In the initial PBMC population, the proportions of cells positive for three erythroid markers, CD235a, CD36, and CD71, were 6.9%, 37.3%, and 0.9%, respectively, while in the expanded population after 10 days of culture, the proportions were 59.0%, 88.3%, and 89.9%, respectively ( Figure 2B ), indicating that the majority of the expanded cells were of the erythroid lineage.
We tested the effects of FA on EPC expansion in six experiments from five blood donors. As shown in Figure 3A , after 10 days of culture, the numbers of EPCs generated from cells that had been treated with 100 µM and 150 µM FA were significantly lower than the numbers of EPCs generated from untreated control cells (P < 0.001, and P < 0.0001, respectively). FA at 150 µM potently decreased the expansion to 7.1% of the untreated control. The suppression occurred in a dose-dependent manner (P trend < 0.0001). Exposure to FA at 50 or 100 µM did not alter the expression of CD235a, CD36, and CD71, after 10 days in culture ( Figure 3B ). The limited number of cells available after expansion precluded testing of higher doses.
Cell cycle distribution
We examined the cell cycle distribution of the expanded EPCs at day 10 ( Figure 4 ). As shown in Figure 4A , the percentage of cells in G0 and G1 phase from cultures treated with 100 µM FA (44.1%) was significantly decreased (P < 0.05) compared to that of the untreated control (48.9%). Meanwhile, the percentage of cells in G2 and M phase from cultures treated with 100 µM FA (21.5%) was significantly increased (P < 0.05) compared to that of the untreated control (17.9%; P < 0.05). The proportion of cells in S phase was not significantly changed by FA treatment. As shown in Figure 4B , we found that the proliferation index was significantly increased (P < 0.05) at 100 µM (0.54) compared to the untreated control (0.49). However, the effects of FA on cell cycle distribution or proliferation index did not occur at the lower levels of FA treatment or in a significantly dose-dependent manner.
Numerical alterations in chromosomes 7 and 8
We analyzed aneuploidy of chromosomes 7 and 8 in the expanded EPCs after FA treatment. As shown in Table 1 , compared with the untreated control, the rate of monosomy 7 (one copy of chromosome 7) was not significantly changed by 50 and 100 µM FA. The rate of monosomy 8 was increased at 50 µM compared to untreated control and approached significance (P = 0.06). The rate of trisomy 7 (three copies of chromosome 7) at 50 µM FA was five times that of the untreated control, but the difference was not statistically significant, despite the large number of cells scored, due to the very low frequency of this aberration. Trisomy 8 was increased at 50 µM FA (P = 0.07), also at a very low frequency. Combined analysis of monosomies 7 and 8 and of trisomies 7 and 8 revealed significant increases at 50 µM FA (P < 0.05 for each). Monosomy and trisomy rates for chromosomes 7 and 8 were not significantly altered by 100 µM FA either in individual or combined analyses. The level of structural chromosome aberrations was not changed by treatment with 50 or 100 µM FA.
Discussion
The mechanisms underlying FA-induced leukemogenesis remain elusive but may involve toxicity to hematopoietic stem/progenitor cells (HSC/HPC). Previously, we found that FA was toxic to myeloid progenitor cells in vivo and in vitro using colony-forming assays (Zhang et al., 2010) . In the present study, using relatively new in vitro liquid culture protocols that enable the analysis of multiple mechanistic endpoints in large numbers of erythroid progenitor cells, we have detected several toxic effects of FA in mouse PCEs and human EPCs. We found that FA induced MN in mouse PCEs in a dose-dependent manner. MN in mouse PCEs is a widely used biomarker for genotoxicity (Fromowitz et al., 2012; Hayashi et al., 1994) and MN frequency in human peripheral lymphocytes has been associated with cancer risk (Bonassi et al., 2011) . Our finding shows that FA is genotoxic to mouse HSC/HPC in vitro, suggesting that chromosomal damage may be one potential mechanism underlying FA induced leukemogenesis.
From our human erythroid culture experiments, we reported that FA suppressed the expansion of EPCs from circulating stem/progenitor cells in the peripheral blood. This is consistent with our previous finding in FA-exposed workers and in peripheral blood treated with FA (100-200 µM) in vitro, using colony-forming assays in semi-solid substrate (Zhang et al., 2010) , and further supports the adverse effects of FA on HSC/HPC. Kuehner et al. also found suppression of colony formation from peripheral blood treated with FA (10-100 µM) in vitro (Kuehner et al., 2012) . It is possible that only a proportion of the stem/ progenitor cells in peripheral blood survived FA treatment and was available for expansion. However, we did not examine apoptosis in stem/progenitor cells following FA treatment because these cells are rare among PBMC and require separation from other blood cell types for analysis. When we examined apoptosis in the expanded EPCs from FA-treated and untreated peripheral blood, we did not detect any differences (Supplemental Figure 1) . Erythroid differentiation, determined by the proportion of cells with CD235a, CD36, and CD71 expression, was unchanged by FA exposure, suggesting that erythroid progenitor cells that survived FA treatment retained this capability.
Damage induced by FA may have led to cell-cycle arrest of the HSC/HPC. Oxidative stress is a potential mechanism of FA-induced toxicity and leukemogenesis. Bone marrow HSC, in which leukemia originates (Passegue et al., 2003) , are sensitive to oxidative stress, exposure to which causes DNA damage, premature senescence, and loss of stem cell function (Yahata et al., 2011) . FA was previously shown to induce oxidative stress in multiple tissues, including lymphocytes, in exposed rats and mice (Gulec et al., 2006; Lino-dos-SantosFranco et al., 2011; Lino-Dos-Santos-Franco et al., 2010; Matsuoka et al., 2010; NTP, 2010b; Wang et al., 2012) . In two recent new studies, we reported the significant dosedependent induction of oxidative stress in multiple organs, including bone marrow, of mice exposed to FA (0.5-3.0 mg/m 3 ) by nose-only inhalation Zhang et al., 2013) . Our current study in erythroid liquid cultures and our previous study in exposed workers have examined the effects of FA on PBMC-derived stem/progenitor cells in vitro and in vivo. Future studies should examine markers of oxidative stress and other potential mechanisms of toxicity in bone marrow-derived HSC of FA-exposed animals.
Leukemia is characterized by a cell differentiation block leading to accumulation of immature cells (Olsson et al., 1996) that is further driven by an imbalance between proliferation and death rates (Chiorazzi, 2007) . In our study, EPCs expanded from FAtreated (100 µM) stem/progenitor cells appeared to proliferate faster than EPCs expanded from untreated cells, apparent from cell cycle distribution and proliferation index data. Thus, accelerated proliferation might contribute to FA induced leukemogenesis; this requires further confirmation, however, due to the lack of a dose-dependent response. In normal erythropoiesis, progenitors are critically dependent on growth factors for survival and proliferation (Koury and Bondurant, 1990) while growth factor independence is a hallmark of cancer cells (Hanahan and Weinberg, 2000; Howell et al., 1998a; Howell et al., 1998b; Sporn and Roberts, 1985; Sporn and Todaro, 1980; Ziober et al., 1993) . While expanded EPCs from FA-treated cultures may have acquired a growth advantage, they did not exhibit more growth factor independence than untreated cells (Supplemental Figure 2) . Future studies should examine the effects of a culture time longer than 24 hours in the absence of exogenous growth factors on FA-treated and untreated EPCs.
Aneuploidy, an abnormal number of chromosomes resulting from loss or gain, is a common characteristic of cancer cells that is thought to promote tumorigenesis (Ganmore et al., 2009; Weaver and Cleveland, 2009) and is a common phenomenon in therapy-related leukemia (Pedersen-Bjergaard et al., 2008; Qian et al., 2010) and leukemia related to exposure to benzene, an established human leukemogen (Zhang et al., 2002) . Monosomy 7 and trisomy 8 are associated with myeloid leukemia (Johnson and Cotter, 1997; Paulsson and Johansson, 2007) and have been reported in workers exposed to benzene (Kim et al., 2004; Smith et al., 1998; Zhang et al., 2011; Zhang et al., 1998; Zhang et al., 2005) . Previously, we reported the induction of monosomy 7 and trisomy 8 in the CFU-GM cultured from a small number of workers (n=10) exposed to FA in vivo, compared with unexposed control workers (n=12) (Zhang et al., 2010) . In the present study, monosomy and trisomy of chromosomes 7 and 8 were not significantly increased in expanded EPCs at either 50 µM or 100 µM FA, when each endpoint was analyzed separately. Similar to our EPC findings, Kuehner et al. did not find increased aneuploidy of chromosomes 7 and 8 in myeloid colonies cultured from peripheral blood treated with 10-50 µM FA in vitro; they did not report data for aneuploidy at 100 µM although they did see suppression of colony formation at this dose (Kuehner et al., 2012) . We scored around five times more cells per dose (~7500 cells) than did Kuehner (1500 cells). We found significant induction of monosomy and trisomy in the expanded EPCs at 50 µM but not 100 µM FA when both chromosomes were analyzed together.
However, we could not compare these findings with those of Kuehner et al. as they did not analyze aneuploidy in chromosomes 7 and 8 together. It is unclear why effects were apparent at 50 µM but not 100 µM in our study; at both doses, cell viability was similar in FA-treated cultures and similar numbers of cells were scored (Table 1) . Further studies are needed to validate an effect of FA on the rate of monosomy and trisomy of chromosomes 7 and 8 at different doses.
Based on our findings, we speculate that HSC/HPC are sensitive to FA treatment, leading to cell death in a proportion of these cells and consequent suppression of EPC expansion. Further, a proportion of FA-exposed hematopoietic stem and/or progenitor cells likely sustain non-lethal damage (e.g. MN, aneuploidy) promoting their survival and possibly conferring a growth advantage, which is apparent in their differentiated progeny. Acquisition of additional toxic insults may be required for the development of leukemic stem cells.
We selected a FA dose range that spans the reported physiological level in the blood of humans, monkeys and rats (66.6 to 100 µM, 2 to 3 µg/g) (Casanova et al., 1988; Heck et al., 1985) . Increased MN frequency in mouse PCEs, suppressed human EPC expansion and increased proliferation of human EPCs occurred at exposure to 100 µM exogenous FA. The actual FA levels in the treated cells in the current study are equivalent to the both the exogenous and naturally occurring, endogenous levels. The endogenous levels in the target HSC and HPC in culture are unknown. Methods to estimate the endogenous levels of cultured cells should be incorporated into future studies, so that the absolute FA levels in untreated and treated cells can be estimated.
One potential weakness of our study is that the expanded EPC populations are likely heterogeneous. Although the proportions of the erythroid cell markers CD 235a, CD36 and CD71, are the same in both FA-treated and untreated EPC, indicating that the FA-treated and untreated populations are comparable, we performed our assays on unselected populations. In future studies, we plan to select erythroid progenitor subsets during the early stages of differentiation by gating on different levels and combinations of these three erythroid markers, as employed by others (Williams et al., 2013) . This selection, together with measurement of more mechanistic endpoints such as DNA-protein crosslinks and oxidative stress that we recently reported in the bone marrow of mice inhaled by nose-only exposure to FA in vivo Zhang et al., 2013) , will provide further insight into FA-induced toxicity and leukemogenesis.
In conclusion, FA induces genotoxicity in mouse erythropoietic cells and suppresses human EPC expansion in vitro, supporting the adverse effects of FA on HSC/HPC and the biological plausibility of FA-induced leukemogenesis.
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